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1.  INTRODUCTION 


This  technical  report  describes  the  results  of  two  in-house  workunits  combined  technically  and 
financially.  For  this  reason  a  single  final  report  is  being  written  for  both  workunits. 

Workunit  2301EL01  is  a  6.1  basic  research  AFOSR-fimded  effort  started  in  1994.  This  workunit 
was  primarily  set  up  to  advance  the  basic  laser  materials  and  novel  concepts  needed  for  laser 
source  applications,  particularly  infrared  countermeasures  (IRCM),  although  the  results  found 
application  in  laser  radar  and  remotes  sensing  as  well.  Emphasis  was  placed  upon  tunable  mid- 
IR  solid-state  technology  with  extensive  tunability  and  high  power,  IRCM  requirements.  Optical 
spectroscopy,  laser  device  performance,  and  frequency  conversion  device  perfonnance  were 
used  to  assess  the  feasibility  of  new  basic  concepts  and  to  investigate  new  materials. 

Workunit  20010513,  a  6.2  applied  research  AFRL-fimded  effort,  was  started  in  1996  with  the 
objective  to  obtain  improved  perfonnance  from  existing  lasers  and  to  demonstrate  new  concepts 
which  address  AF  mission  requirements.  More  specifically,  we  planned  demonstrations  of 
improved  laser  performance,  preferably  tunable  or  multiple  lines  in  the  ultraviolet,  visible,  near- 
IR  and  mid-IR  wavelength  regions.  .  Areas  of  investigation  included  tunable  solid-state  laser 
devices,  nonlinear  optical  frequency  conversion  processes,  and  solid-state  excitation 
mechanisms.  This  workunit  applied  the  6.1  basic  research  of  Workunit  2301EL01  to  practical 
military  applications. 
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2.  TECHNICAL  ACCOMPLISHMENTS 


Over  the  years  the  specific  laser  materials,  nonlinear  materials,  and  new  techniques  under 
investigation  gradually  evolved  to  new  (and  better)  materials  and  techniques  but  the  overall 
objectives  remained  much  the  same.  This  effort  concentrated  on  means  to  achieve  efficient  and 
tunable  lasing  with  solid-state  lasers.  Initially,  UV  to  IR  wavelengths  were  of  interest  but  the 
bulk  of  the  work  later  moved  to  the  mid-IR,  i.e.  the  1.5-5  pm  spectral  region  of  interest  for 
infrared  countermeasures  and  eyesafe  laser  radar. 

2.1  UV  Laser  Research 

Some  early  efforts  to  demonstrate  tunable  ultraviolet  laser  output  were  done  in  the  mid- 1 990 ’s. 
Cc  -doped  fluorides  were  shown  to  be  tunable  over  the  280-300  nm  range  and  injection  seeding 
allowed  both  narrow  bandwidth  and  high  conversion  efficiency.  But  Air  Force  application 
interest  in  UV  radiation  waned  shortly  thereafter.  However,  such  a  laser  now  has  renewed 
interest  for  biosensing  applications. 

2.2  Mid-IR  Laser  Research 

Infrared  laser  material  development  has  included  spectroscopic  investigations  of  the  lasing 
potential  of  Cr4+,  Mn3  and  Mn51  ions  in  low  crystal  field  hosts.  However,  excited  state 
absorption  was  usually  found  to  limit  laser  operation  to  small  spectral  regions  or  none  at  all. 

We  spent  considerable  effort  developing  a  high-power  Tm,Ho:YLF  laser.  Initial  operation  at  5.2 
W  with  50-ns  Q-switched  pulses  at  5  kHz  was  demonstrated  using  liquid  nitrogen  cooling  and 
diode  pumping.  Such  a  laser  was  ideal  for  testing  the  performance  of  infrared  nonlinear 
frequency  conversion  materials.  Later  improvements  included  fiber  coupled  diodes  for  much 
simpler  alignment  and  closed  cycle  cooling  to  eliminate  the  need  to  dash  for  more  liquid  nitrogen 
to  refill  the  dewar  after  each  hour  of  operation.  This  laser  design  has  run  at  >15  W  cw  or  Q- 
switched  for  hours  unattended.  It  became  our  workhorse  2-pm  pumping  laser  for  investigation 
of  other  laser  and  nonlinear  materials. 

While  Tm,Ho:YLF  operates  in  the  mid-IR  at  2.06  pm  [or  1.88  pm  if  we  use  Tm:YLF]  it  is  not 
broadly  tunable  so  we  have  sought  laser  and  nonlinear  materials  to  better  cover  the  mid-IR 
spectrum.  Cr2+-doped  II-VI  semiconductors  were  first  suggested  by  researchers  at  Lawrence 
Livermore  National  Labs.  Our  initial  work  concentrated  on  development  of  Cr2+:CdSe.  We 
demonstrated  the  first  lasing  in  this  material  and  showed  that  it  could  operate  at  room 
temperature  and  has  a  very  broad  tuning  range  of  2300-3400  nm.  However,  we  switched  to 
ZnSe  as  the  host  material  to  achieve  higher  output  power  because  of  its  high  thermal 
conductivity.  We  demonstrated  4.2  W  of  average  output  power  operating  at  10  kHz  using  a  thin 
disk  to  minimize  radial  thermal  gradients  and  multi-pass  pumping  with  the  Tm,Ho:YLF  laser. 
Most  recently,  we  demonstrated  a  fiber  laser  pumped  Cr21  :ZnSe  laser,  a  much  simpler  pumping 
system  than  the  cryo-cooled  Tm,Ho:YLF  laser  used  previously.  A  new  design  using  double- 
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sided  cooling  with  undoped  ZnSe  windows  was  also  assembled  to  show  good  Cr  :ZnSe  laser 
operation  with  easy  assembly  and  disassembly. 

At  high-power  operation  even  our  thin  disk  design  showed  significant  thermal  lensing.  We  used 
finite  element  analysis  to  calculate  the  expected  thermal  lensing  effect  and  measured  it 
independently  via  an  interferometric  technique.  Modeling  and  measurement  agreed  quite  well  so 
we  now  understand  the  nature  and  magnitude  of  thennal  lensing  present  and  have  proposed 
designs  to  mitigate  it.  This  type  of  laser  when  combined  with  an  OPO  (optical  parametric 
oscillator)  frequency  converter  is  of  interest  for  IRCM  and  remote  sensing  applications. 

2.3  Mid-IR  Nonlinear  Materials  Research 

Efforts  at  the  beginning  of  this  program  concentrated  on  characterizing  the  optical  properties  of 
then  novel  materials  such  as  the  KTP  (potassium  titanyl  phosphate)  isomorphs  RTA  (rubidium 
titanyl  arsenate)  and  KTA  (potassium  titanyl  arsenate)  and  chalcopyrite  isomorphs  such  as 
AgGaSe2  and  ZnGeP2.  Measurements  of  refractive  index  for  frequency  tuning  of  laser  devices, 
thennal  lensing,  and  measurements  of  damage  threshold  were  helpful  to  systems  designers.  In 
fact,  the  low  damage  threshold  of  AgGaSe2  led  us  to  investigate  the  feasibility  of  using  a 
modelocked  pump  laser  and  synchronously  pumping  an  AgGaSe2  OPO,  a  way  to  achieve  high 
nonlinear  gain  without  damaging  the  nonlinear  crystal.  We  demonstrated  cw-pumped  all-solid- 
state  Tim  2-pm  modelocking  at  80  mW  of  power.  A  scaled  up  version  of  this  scheme  was 
shown  by  others  to  achieve  excellent  frequency  conversion  throughout  the  mid-IR  without 
damage. 

The  development  of  techniques  to  periodically  pole  ferroelectric  materials  such  as  lithium 
niobate  and  RTA  and  use  them  in  quasi-phasematching  revolutionized  nonlinear  frequency 
conversion.  Dr  Larry  Myers  set  up  a  poling  station  in  our  lab  [the  only  one  in  a  DoD  lab]  for  this 
program  and  we  extensively  studied  and  advanced  the  state  of  the  art  in  this  area.  We 
demonstrated  >  1  W  output  at  4  pm  with  9  W  of  1-pm  cw  pumping.  We  demonstrated  discrete 
and  continuous  tuning  over  the  1.5-4  pm  range  using  periodically  poled  lithium  niobate  [PPLN] 
wafers  fabricated  with  engineered  templates.  We  demonstrated  broadband  emission  using  fan 
gratings.  We  demonstrated  electric-field  controlled  frequency  tuning  of  a  PPLN  OPO.  This 
PPLN  frequency  conversion  technology  has  transitioned  to  industry  and  is  currently  in 
production  for  military  IRCM  systems. 

We  also  investigated  techniques  to  scale  up  the  pulse  energy  in  PPLN  OPOs  for  burst 
illumination  laser  radar  applications.  By  using  stacks  of  PPLN  wafers  pumped  by  Nd:YAG 
beamlets,  we  were  able  to  achieve  60  mJ/pulse  in  a  3 -ns  pulse  at  the  “eyesafe”  wavelength  of  1.5 
pm.  We  also  showed  that  high  pulse  energies  can  be  seeded  in  PPLN  for  the  narrowband 
operation  needed  for  spectroscopy  and  remote  sensing. 

Other  materials  were  investigated  for  their  amenability  to  poling  and  their  nonlinear  conversion 
performance.  We  successfully  poled  RTA  and  demonstrated  pulsed  OPO/OPG  (optical 
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parametric  generation)  operation  with  it.  While  RTA  has  a  higher  damage  threshold  than  PPLN, 
it  is  much  more  expensive  and  cannot  be  made  into  large  (e.g.  3”  diameter)  wafers  like  PPLN. 

Most  of  our  work  with  poled  ferroelectrics  was  done  with  congruent  lithium  niobate.  Recently 
crystal  growers  have  been  able  to  grow  stoichiometric  lithium  niobate.  Stoichiometric  material 
has  less  defects  and  thus  poles  with  a  lower  poling  voltage.  We  performed  a  direct  comparison 
measurement  by  periodically  poling  stoichiometric  LiTaCL  (PPLT)  and  both  stoichiometric  and 
congruent  LiNbCL  and  placing  samples  in  an  optical  parametric  generation  setup.  These 
materials  had  comparable  performance  in  terms  of  slope  efficiency  and  output  bandwidth,  and 
thresholds  proportional  to  the  inverse-square  of  the  effective  nonlinear  coefficient.  Idler 
wavelengths  as  long  as  5  microns  were  obtained,  but  their  output  power  was  limited  by  material 
absorption.  Questions  remain  about  the  uniformity  of  crystalline  structure  in  the  stoichiometric 
materials  so  congruent  lithium  niobate  is  still  the  low  risk  choice  for  systems  use  right  now. 

Frequency  conversion  is  not  the  only  use  for  periodically  poled  materials.  In  collaboration  with 
Pennsylvania  State  University  (PSU),  we  investigated  PPLT  for  electro-optic  beam  steering.  A 
computer-controlled  5-stage  PPLT  EO  beam  steering  device  demonstrated  10°  of  beam  steering. 
We  also  demonstrated  a  device  format  that  can  be  scaled  to  high  power  operation  at  any 
wavelength  transparent  to  PPLT. 

We  investigated  the  optical  properties  and  nonlinear  performance  of  optically  patterned  GaAs 
(OPGaAs).  This  material  is  of  interest  because  it  is  transparent  throughout  the  1-14  pm  range 
and  has  a  nonlinear  coefficient  even  higher  than  lithium  niobate.  But  this  material  must  be 
grown  with  a  pattern  built  in  and  cannot  be  poled.  OPGaAs  fabrication  is  currently  being 
developed  under  another  Air  Force  program.  While  OPO  operation  has  been  achieved  by  others, 
we  have  found  materials  to  be  highly  variable  in  their  transmission  and  domain  fidelity. 
Additional  fabrication  development  is  needed  but  this  material  could  be  very  important  for  full 
mid-IR  wavelength  coverage  and  8-12  pm  IR  coverage  as  well. 

For  further  details  on  any  of  the  results  discussed  above  please  refer  to  the  publications  generated 
under  this  effort  and  listed  chronologically  in  Section  4. 
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3.  CONCLUSIONS  AND  FURTHER  RESEARCH 


This  effort  was  instrumental  in  the  development  of  tunable  solid-state  infrared  lasers  useful  for 
IRCM,  laser  radar,  and  remote  sensing.  Materials  like  periodically  poled  lithium  niobate  and 
devices  like  bow-tie  optical  parametric  resonators  are  being  fielded  in  the  real  world.  Other 
devices  and  techniques  like  Cr2+  lasers  and  patterned  GaAs  frequency  converters  will  find  their 
place  in  military  and  commercial  applications  as  the  technologies  mature. 

However,  the  job  is  far  from  complete.  EO  sensor  users  continue  to  push  for  more  power,  agile 
wavelengths,  modifiable  wavefonns,  multifunctionality,  more  reliability,  reduced  cost  and 
smaller  size.  In  fact,  the  development  of  lasers  for  sensor  applications  has  become  more  of  a 
program  to  smoothly  integrate  the  entire  transmitter  into  a  platform.  A  functionally  flexible 
system  with  conformability  to  platform  surfaces  and  volumes  is  needed  for  next  generation  EO 
sensor  systems. 

Recent  advances  in  fiber  lasers,  holey  photonic  fibers  for  optical  transport  and  novel  quasi- 
phasematched  materials  make  a  multi-port  source  with  no  free-space  optics  and  broadband 
tunability  a  possibility.  Such  a  system  would  be  able  to  direct  the  right  wavelength  and 
waveform  to  the  right  aperture  on  any  aircraft.  A  new  in-house  effort  is  needed  and  is  being 
planned  to  develop  the  next  generation  of  active  EO  sources  towards  this  goal. 
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4.  PUBLICATIONS 


Listed  below  are  the  publications  that  were  generated  under  this  effort.  These  publications,  in 
chronological  order,  should  be  consulted  for  a  detailed  account  of  the  many  accomplishments 
achieved  and  discussed  in  Section  2  above. 

4.1  Journal  Publications: 
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